KAES has invested a large amount of public expenditures in wheat breeding research each year for several decades. Estimates of the impact of the wheat breeding program on increasing wheat yields provide information to scientists, administrators, and policy makers regarding the efficacy and return to these investments. Quantitative estimates of yield improvements due to the wheat breeding program provide important information for future funding decisions. Estimates of yield improvement also allow for the completion of a cost-benefit analysis of the wheat breeding program and for evaluation and assessment of the impact of the program.
With multiple regression, increases in Kansas wheat variety yields are quantified, holding constant growing conditions and other technological enhancements in productivity. The yield differential for each wheat variety included in the annual wheat performance tests is measured. Differences in yields between KAES wheat varieties and varieties released by other public and private breeders are quantified. The study also quantifies the yield differentials across wheat characteristics, including white, soft, and blended wheat varieties. With the regression results, technological advances in the wheat breeding industry are identified and the contribution of the KAES wheat breeding program to the Kansas economy is summarized.
Measurements of the Benefits of Wheat Breeding Programs
The methodology used to calculate the economic benefits of the Kansas wheat breeding program followed a rich literature on the economic impacts of agricultural research, as summarized by Alston, Norton, and Pardey and Huffman and Evenson. Previous evaluations of wheat breeding programs were conducted by Barkley, Blakeslee and Sargent, Brennan (1984 , 1989a , and 1989b , and Byerlee and Traxler.
The first step in evaluating the economic impact of the Kansas wheat breeding program is to measure the increase in yields from the genetic improvement of wheat, holding all other production parameters constant. Gains in wheat yield can be attributed to two types of factors, genetic and agronomic. Agronomic management gains are attributed to improvements in fertilizer, pesticides, fungicides, or other factors that are not embodied in the seed. For example, Foster and Babcock examined the determinants of growth in per acre yields in tobacco, paying careful attention to policy-induced price changes and technology supply shifts. Kaliba, Verkuijl, and Mwangi studied varietal selection of improved maize seeds in Tanzania.
Genetic gains, on which this study is based, are associated with improved wheat breeding or technology that is embodied within the seed. Quantifying the genetic gains, or those associated with breeding programs, was accomplished by applying the methodology of Feyerherm, Paulsen, and Sebaugh to calculate the relative yields for each variety with data from KAES performance tests with wheat varieties. Use of relative yield performance data from nurseries implicitly assumes that actual producer yields are proportional to test plot yields in KAES experiments. Although a gap between experimental and actual yields exists (Figure 2 ), Brennan (1984) wrote, ''The only reliable sources of relative yields are variety trials' ' (p. 182) . Therefore, annual changes in relative yields are measured with performance test data. 
Data
Data were taken from the annual ''Kansas Performance Tests with Winter Wheat Varieties,'' published by the KAES at Kansas State University. The data set included test results for 282 wheat varieties produced by 46 seed companies. The locations of the performance tests throughout the state of Kansas were then assigned a number so that each yield result could be matched with its specific location within the state. Variables were defined for (1) irrigation, (2) public or private varieties, (3) soft varieties, and (4) varietal blends. Lastly, both the year that the wheat was tested and the year that the wheat was released to the public were defined and included in the data set. The data included 14,492 observations for the period 1911-2006, and 9,333 observations for the 1977-2006 period. 1 The breaking point 1977 was used because of the introduction of the semidwarf gene into KAES breeding. As breeding advanced in the 1960s and yield increased, ''tall'' wheat varieties began to lodge (fall over) due to the heavier yield. Lodging can both reduce yield and increase disease and pests. By introducing the semidwarf gene into wheat varieties, a stronger stouter plant is produced with the magnitude of lodging lessened (Reitz; Reitz and Salmon) .
Year Variable
The year variable is the time series component of the panel data, crucial to holding annual changes in growing conditions and technology constant. The year variable captures annual variations in weather, such as a drought, or an atypical amount of rain or subsoil moisture, ceteris paribus. The year variable also holds constant nonbreeding technological changes in wheat production practices that have taken place during the two time periods, and their impact on yield per acre. A major change in nonbreeding technology during the 1977-2006 time period in Kansas would be the introduction of no-till practices and the use of precision fertilizer application, both of which are aimed at reducing cost but can also affect yield. The year variables will be used only as a fixed effects component in the subsequent model.
Release Year Variable
After the previous research of Brennan (1984) and Traxler et al., the release year (RLYR) variable can be interpreted as the ''vintage'' of the wheat breeding technology (Traxler et al.) . It captures the progression of wheat breeding technology across time, forming the main variable for measurement and analysis of the impact of a wheat breeding program on wheat yields in performance fields. That is, the coefficient on RLYR represents the increases in yield due to genetic gains attributable to a wheat breeding program.
Release year is not a time trend variable but is modeled similarly to the way that Arrow's (1962) growth model denoted embodied technology (Traxler et al.) . Arrow assigned ''serial numbers'' of ordinal magnitude to the embodied technology in capital. In this model the variable RLYR represents the embodied technology for a given year of release by the KAES breeding program. Therefore, the coefficient on RLYR possesses both a cardinal and ordinal significance in defining the spacing as well as the sequencing of releases (Traxler et al.) . Another spatial difference would be the presence of rust. Owing to the high rainfall in the central and southeastern part of the state, the exposure of rust is higher than in the dryer western part of the state. Agronomic conditions also vary with soil in the western part of the state, holding water at a much higher rate than the soil in the eastern part of the state.
Station Variable
Where the Year variable can determine if a given growing season is abnormally wet or dry for the state as whole, the station variable can determine within a year if a specific location is abnormally wet or dry. These differences in growing conditions across experiment field locations, or stations, are accounted for by inclusion of the station variable in the regression model. In some instances there are both irrigated and dry land test plots within an experiment station. This is accounted for by using a binary variable to represent those plots which are irrigated.
Varieties and Public/Private Variables
A binary variable was assigned to each variety if it was released by a public research university (Kansas State University, Texas A&M, University of Nebraska, etc., PRI-VATE 5 0) or a private research company (PRIVATE 5 1). The data included a wide diversity of varieties, from Turkey, released in 1911, to the most recently released 2006 variety. This allows for any differences between the yields of privately developed wheat breeds and publicly released varieties. Fuglie and Walker found that competition between private and public breeding programs can occur in applied breeding programs. The importance of varietal selection was recently emphasized by Richards and Green. In 1977 
White, Soft, and Blended Variables
White wheat was distinguished with a separate variable because of its increase in popularity among breeders and millers, together with the interest from international buyers. The possible advantages of white wheat over red wheat, however, are associated with end use, and not necessarily agronomic performance. Hard white (HW) wheat is the newest class of wheat to be grown in the United States. It is used for noodles, yeast breads, and flat breads and is grown in California, Idaho, Kansas, and Montana. One advantage of hard white wheat commonly cited is the potential for an increase in the flour extraction rate. Another potential advantage of hard white wheat is that it may increase demand for U.S. wheat, because some importing countries prefer hard white wheat to hard red wheat (Boland and Dhuyvetter) . Currently, HW wheat is used primarily in domestic markets with limited quantities being exported. Soft white (SW) wheat is a preferred class of wheat for flat breads, cakes, pastries, crackers, and noodles and is grown primarily in the Pacific Northwest. Soft white is a relatively low-protein wheat, usually about 10% protein. Soft white wheat represents just over 20% of total U.S. exports, primarily to Asia and the Middle East (Kansas Wheat Commission). The data include qualitative (0-1) variables for both white and soft attributes. There is also a qualitative variable defined and included for blended wheat varieties. Blended varieties are mixtures of seeds from two or more different pure varieties. Blends have become increasingly popular in Kansas as a means of increasing yields and decreasing production risk (Bowden et al.) . Blended wheat varieties are relatively new entrants into the performance tests, and as a result the sample size was low (0.68%).
Model
An ordinary least-squares (OLS) regression was estimated using LIMDEP 8.0 to identify and quantify the determinants of performance test wheat yields in Kansas. The conceptual regression model is
where Yield ijt is the yield in bushels per acre for variety i, at station j, in time period t. White i , Soft i , and Blend i are qualitative variables (0-1) for variety i. RLYR i is the release year for variety i. Table 2 is the OLS regression without years or locations.
Model 2 includes fixed effects for both years and locations. The fixed effect estimates for model 2 are reported in Tables 2 and 3 for all years and locations. A Lagrange multiplier (LM) test for fixed effects across locations, as measured by experiment field stations, was estimated to determine whether the vector of fixed effect estimates contributed to the overall model. The high value and statistical significance of the LM statistic indicated that fixed effects were highly statistically significant and should be included in the regression model (Greene) .
The 27 locations of the experiment fields are agronomically diverse. Rainfall, temperature, and subsoil moisture vary greatly across Kansas, and as a result, wheat yields are variable, reflecting these conditions. Since the error structure of the regression model is likely to depend on the location, a Wald statistic was used to determine the presence of multiplicative heteroskedasticity (Greene) . With 26 degrees of freedom, the Wald statistic of 49,908 was highly statistically significant, indicating the presence of multiplicative heterocdasticity. The multiplicative heteroscedastic correction is of great importance to this data set because of the variations in both the species and locations of wheat varieties. That is, since varieties within this data set are specifically bred for different climatic and agronomic conditions, the error terms across varieties may be heteroscedastic in nature. By accounting for this multiplicative heteroscedastic error term, comparisons across varieties are more statistically appropriate. The multiplicative heterocdastic regression model was estimated and is reported in model 3 of Table 2 .
Regression Results
The overall results of the three estimated regressions for the time period 1977-2006 provided some evidence that the results are robust across model specifications. The large number of observations contributed to the robust results. Over 51% of the variation in wheat yields for the period 1911-2006 was explained by the regression (Table 1) . For the modern period, 1977-2006, the simple OLS regression, which does not include fixed effects for years or locations (regression 1, Table 2 ), explained only 3.5% of the variation in yields. This regression is included in Table 2 for comparison purposes but not discussed in detail below. Inclusion of the fixed effects (model 2) increased the explanatory power to 41.5% for the period 1977-2006 (regression 2, Table 2 ). The multiplicative heterocdastic regression 3 is highly statistically significant, as indicated by the chi-square test for the model equal to 1,346.035. Regression 3 has the best fit, with the maximum log-likelihood of the three regression models reported in Table 2, equal to 237,003.92. Each of the included variables will be discussed below. Regression 2 includes fixed effects for years and locations (not reported), and regression 3 includes fixed effects for years and locations (reported in Table 3 , qualitatively identical to those of regression 2). The reported t-statistics in regressions 1 and 2 are calculated from standard errors that are heterocdasticity consistent (White).
White Wheat
As shown in 
Soft and Blended Wheat
The coefficient on blended wheat varieties (Blend i ) was not statistically different from zero at the 10% level in either time period (Table 2 ). The results of the multiplicative heteroscedastic model (regression 3, Figure 2 ). The fixed effects of both the year and station variables can be found in Table 3 .
During the 1977-2006 period, the KAES wheat breeding program contributed 6.182 (0.206 3 30) bushels per acre to wheat yields. Crude estimates of cumulative economic benefits, assuming a perfectly elastic demand for wheat, are equal to $78.9 million per year, in constant 2006 dollars, over the 30-year period (Table 4 ). The estimated costs of the program are significantly lower, equal to $5.0 million 2006 dollars per year (Table 4) .
Kansas State University Varieties and Private Varieties
During the 1911-2006 period, the coefficient on the Kansas State University varieties (KAES i ) equaled 20.658, statistically significant at the 5% level (Table 1) . Compared to non-KAES varieties, varieties released by KAES yielded on average 0.658 bushels less per acre. However, beginning in 1977, with the release of semidwarf varieties, there was no statistical difference between KAES varieties and other public and privately released varieties, when growing conditions (year) and environment (location) were taken into account (Table 2 , regression 3). This is an interesting and relevant result, given the recent release and adoption of a large number of private varieties in Kansas from less than 2% in 1977 to nearly 33% in 2006.
The private variety Jagalene, released in 2003, first tested on Kansas State test plots in 2000, has been the dominant privately released variety in the state. In 2006 over 27% of total wheat acres were planted to Jagalene in Kansas. Jagalene is a cross of a KAES variety Jagger (released in 1994) and an AgriPro variety Abilene (released in 1988). It should be noted that intellectual property rights on wheat are not well defined and that technology spillover is prevalent from public to private firms and vice versa.
3 Therefore, it is not surprising that public and private varieties continue to coexist and be competitive.
Station Variables
The fixed effects (FE) model reported in regressions 2 and 3 (Table 2) holds constant the growing conditions and all other geo-2 This comparison is strictly true only if the models are equally valid. Given the specification differences between the two models, this comparison should be considered as an approximation, or rough estimate, of the differences in rates of yield gain between the two time periods.
3 A wheat breeder can cross two existing breeds which are not their own and claim the new cross as theirs. For example, Texas A&M can cross a Colorado State variety with an AgriPro variety and release it as a A&M variety. Breeders must not back cross however, meaning that if you cross X with Y neither of which are your varieties then you may not cross the hybrid XY with X or Y again. Through this manner technology spillover can mitigate the yield differences between any two firms. graphical or locational differences in wheat production. A subset of the KAES stations is irrigated, and the station variable captures this important difference in production technology. Table 3 reports average yields for each station to that of the Manhattan Experiment Station (the base station). Not surprisingly, relative to the dryland default station located in Manhattan, there were statistically significant higher yields per acre in each of the three irrigated stations. The other station results reflect differences in rainfall, location specific diseases (rust), and other growing conditions.
Wheat Breeding Programs
Taking the average yield of all varieties in all of the KAES test plots, and obtaining the average yield for all varieties of wheat actually planted by farmers in the state of Kansas from 1977 to 2006, the effect on yield exclusively from wheat breeding (both public and private) could be calculated. Figure 2 illustrates how the observed on-farm yield average is related to the KAES test plot yield average. Knowing that the average on-farm wheat yield increased by 7.83 bushels (USDA/NASS) per year from (Nalley, Barkley, and Chumley) .
An estimate of the total benefits from the KAES breeding program was made by first multiplying the number of wheat acres in Kansas by the percentage planted to KAES varieties to obtain the number of acres in Kansas planted to KAES varieties. The number of Kansas acres to KAES varieties is then multiplied by the cumulative genetic gain attributed to the KAES breeding program, the RLYR coefficient from regression 3. 4 The product of cumulative genetic gains (bu/acre) and number of acres planted KAES lines (acres) yields the number of bushels per year attributed to the KAES breeding program.
The number of additional bushels per year associated with the KAES breeding program is then multiplied by that year's respective wheat price per bushel to obtain a total annual benefit. The results as presented in Table 4 show that the average benefits associated with the KAES breeding program from 1977-2006 equaled 78.90 million (2006) dollars. The average cost of the breeding program for the same time period was 5.00 million (2006) USD, yielding a benefit-cost ratio of 17:6.
Conclusions and Implications
This study has shown that in two time periods, 1911-2006 and 1977-2006 , white wheat had lower average yields relative to red wheat, by 2.004 bushels per acre and 1.804 bushels per acre, respectively. It must be taken into consideration that this study analyzed only white wheat yield and not milling attributes, demand, or quality, which are selling points for white wheat. The results for white wheat varieties, which millers point out have higher average flour extraction rates, may require more in-depth research to see if its lower yield could be economically mitigated by its milling attributes. It should be noted that white wheat yields are a ''moving target,'' and the recently released white varieties are closing the gap or in some instances have caught up to red varieties in yield (Kansas Performance Tests with Winter Wheat Varieties, 2007) . While the results for white wheat were significantly negative, at the 1% level for the multiplicative regression, the results for soft wheat were statistically insignificant, at the 10% level, for both time periods. The result for blended wheat was found to be statistically insignificant at the 10% level, when growing conditions and environment are taken into account. It should be noted that 48% (47/98) of the blended wheat observations were from the period [2003] [2004] [2005] [2006] , so it is a fairly new program that may take time to evolve before significant yield differences can be measured.
No statistical difference was found between KAES, other public, and private varieties yield when fixed effects (location and year) are taken into account. The lack of variance between yield of public and private varieties may be the result of the high degree of information and germplasm sharing that occurs between all wheat breeding programs, given the high amount of mobility between private and public breeders and the weak intellectual property rights assigned to wheat. The KAES varieties during the 1911-2006 period yielded 0.658 bushels per acre less than the average of all varieties. However, when looking at the ''new age'' of wheat breeding 1977-2006 (characterized by the introduction of the semidwarf gene), there was no statistical difference at the 10% level in KAES released varieties and the average, indicating that KAES has kept pace with all breeding programs, both public and private.
Possibly the most robust results are those of the effect of wheat breeding programs on increases in yield per acre over time. When analyzing yield data from Kansas test performance farms during 1977-2006, 79% (6.182/ 7 .83) of the increase in yields can be attributed to wheat breeding programs, private and public, genetic advances alone. Other increases may be attributed to more efficient harvesting techniques, higher quality inputs, and improvements in technology. When analyzing the ''new age'' of wheat breeding wheat breeding is attributed with an increase of 6.182 bushels per acre, or an average increase of 0.206 bushels per year.
A simple, relatively crude estimate of the total economic benefits of the KAES wheat breeding program is approximately $78.90 million per year, in constant 2006 dollars, for the 30-year period (Table 4 ). The estimated costs of the program are approximately $5.00 million per year (Nalley, Barkley, and Chumley) . Given these estimates, the benefits of the wheat breeding program appear to outweigh the costs by 17 to 6 (Table 4) , providing some evidence that the investment in Kansas public wheat breeding programs have resulted in a high rate of return. [Received November 2007; Accepted March 2008.] 
